Tuberous sclerosis complex (TSC) is a genetic disorder characterized by seizures and tumor formation in multiple organs, mainly in the brain, skin, kidney, lung and heart. Renal cell carcinoma (RCC) occurs in ∼3% of TSC patients, and typically develops at age <50. Here we describe genetic findings in two TSC patients with multiple renal tumors, each of whom had the germline mutation TSC2 p.R905Q. The first (female) TSC patient had a left followed by a right nephrectomy at ages 24 and 27. Both kidneys showed multifocal TSC-associated papillary RCC (PRCC). Targeted, next-generation sequencing (NGS) analysis of TSC2 in five tumors (four from the left kidney, one from the right) showed loss of heterozygosity in one tumor, and four different TSC2 point mutations ( p.E1351*, p.R1032*, p.R1713H, c.4178_4179delCT) in the other four samples. Only one of the 11 other tumors available from this patient had one of the TSC2 second hit mutations identified. Whole-exome analysis of the five tumors identified a very small number of additional mutated genes, with an average of 3.4 nonsilent coding, somatic mutations per tumor, none of which were seen in >1 tumor. The second (male) TSC patient had bilateral partial nephrectomies (both at age 36), with similar findings of multifocal PRCC. NGS analysis of TSC2 in two of these tumors identified a second hit mutation c.2355 +1G>T in one sample that was not seen in other tumors. In conclusion, we report the first detailed genetic analysis of RCCs in TSC patients. Molecular studies indicate that tumors developed independently due to various second hit events, suggesting that these patients experienced a 'shower' of second hit mutations in TSC2 during kidney development leading to this severe phenotype.
Introduction
Tuberous sclerosis complex (TSC) is an autosomal dominant genetic disorder characterized by tumor development in multiple organs including the kidney, due to inactivating mutations in either TSC1 or TSC2 (1). Renal disease is very common in TSC, and occurs in three major forms, angiomyolipoma, cystic disease and renal cell carcinoma (RCC), that are often seen simultaneously in the same patient (2, 3) . Renal angiomyolipoma is seen in ∼80% of TSC subjects and develops progressively with age (4, 5) . Angiomyolipoma is commonly bilateral and multifocal. Renal cysts are also often seen in TSC, and vary from early childhood onset relatively severe polycystic disease, to late-onset milder polycystic kidney disease, to singleton cysts (3, 6) .
Although much rarer than angiomyolipoma, TSC RCC were first described decades ago (7) . However, the possibility of confusion of epithelioid angiomyolipoma with RCC has contributed to uncertainty in regards to the frequency of renal carcinoma in TSC (8) . More recent studies have delineated multiple types of RCC occurring in TSC, including our recent report using modern immunohistochemistry antibody sets to identify three distinct groups of RCC in 19 TSC patients (9) . The most common type of RCC we identified (24 of 46 tumors, 52%) had a unique morphology distinct from all of the conventional forms of RCC. Hallmark features of this type of TSC-associated RCC were prominent papillary architecture and a uniform lack of expression of succinate dehydrogenase (SDH) subunit B, prompting the term 'TSC-associated papillary RCC' (9) . The second most common group of TSC RCC (15 of 46, 33%) was morphologically similar to a hybrid oncocytic/chromophobe tumor (9) . The third group of TSC renal epithelial neoplasms (7 of 46, 15%) had features distinct from the first two groups as well as classic types of RCC, and could not be classified further (9) .
Multifocality of RCC in TSC has also been a consistent observation going back to the earliest reports (10) (11) (12) (13) . Here we report the first detailed genetic analysis of multifocal RCC in two TSC patients.
Results
First TSC patient with multifocal RCC Patient 1 was diagnosed with TSC at age 14 when she presented with seizures, hypomelanotic macules and mild facial angiofibroma. She did not have intellectual disability or behavior disorders, and her epilepsy was easily managed. Blood DNA analysis identified a well-known TSC2 missense mutation c.2714G>A, p.(R905Q), associated with a mild phenotype (14) . Renal masses were identified by ultrasound when she was 16. At age 24 she developed intermittent fevers and left sided abdominal pain. CT scan showed a 7 cm tumor in her left kidney which had doubled in size in the preceding 6 months, and several smaller lesions. Left nephrectomy was performed, with findings of multiple solid lesions without fat component ( Fig. 1A) . Pathological analysis showed that there were 12 apparently separate tumor nodules, all with a distinct papillary morphology as described (9) ( Fig. 1B and C) . During follow-up after her surgery, renal lesions in the remaining right kidney were observed to grow progressively, and right nephrectomy was performed at age 27. Pathological evaluation showed the presence of three apparently separate tumor nodules, and histologic analysis showed a similar papillary morphology (Fig. 1D ).
Molecular studies on patient 1
Fresh frozen tissue was available from five tumors, four from the left kidney and one from the right. Loss of heterozygosity (LOH) analysis using both sequencing across the germline c.2714G>A, p.(R905Q) mutation and microsatellite markers near TSC2 showed LOH in one tumor sample, but none of the others (data not shown). The four tumor samples without LOH were subject to targeted next-generation sequencing (NGS) at high read depth for analysis of mutations in TSC2 (Table 1 ). This confirmed that none of the four tumors studied showed LOH at c.2714G>A, but instead each had a distinct second mutation in TSC2, comprising two nonsense mutations, a 2 nt deletion mutation, and a missense mutation, thought to be inactivating (http://chromium.liacs.nl/LOVD2/TSC). All four sites of mutation were confirmed by Sanger sequencing in the respective samples. The four mutations were also evaluated by Sanger sequencing on the additional 10 tumor specimens that had DNA available from formalin-fixed paraffin-embedded (FFPE) tissues. An FFPE sample, from the ipsilateral kidney, had one of the TSC2 nonsense mutations. It is possible that this second tumor arose from the same tumor clone as the first; however, it is also possible that this second hit mutation had occurred independently in two separate tumors. None of the other mutations were seen recurrently. None of the other 10 tumor samples showed evidence of LOH by either Sanger sequencing at the germline mutation site, or using microsatellite markers near TSC2.
Whole-exome sequencing performed on the five fresh frozen samples confirmed the presence of each second TSC2 mutation and LOH in the respective samples ( Table 1 , read frequency for the c.2714A nt was 80% in the first sample), and revealed relatively few somatic mutations in each tumor. A median of four (range 1-5) nonsynonymous somatic mutations were identified at allele fractions >10%. These affected 17 genes, none of which was mutated in more than one sample ( Table 1 ). Only one of these 17 genes, RASA1, has been reported as significantly mutated in cancer, (http://cancergenome.broadinstitute.org) (15) , both in the 'PanCan' dataset and in head and neck cancer, though at very low frequency, 2 and 4%, respectively. RASA1 encodes p120Ras-GAP, which acts as a suppressor of RAS function, and mutations in RASA1 are a cause of capillary malformation-arteriovenous malformation (16, 17) . Three mutations in other genes (PROS1, NPFFR2 and TLL2; Table 1 ) have been seen previously in various human cancers, though none are recognized as cancer genes (COSMIC http://cancer.sanger.ac.uk/cancergenome/projects/ cosmic/, TumorPortal http://cancergenome.broadinstitute.org).
Somatic copy number changes were analyzed comparing the read depth of these whole-exome sequence data to a set of controls using CapSeg (github.com/aaronmck/CapSeg). No copy number changes were seen. Global LOH analysis considering SNP allele frequencies for all heterozygous SNPs in this individual indicated there was LOH for SNPs across the length of chromosome 16p in the same tumor sample (Table 1, # 5) that showed LOH for the TSC2 c.2714G>A, p.(R905Q) mutation ( Fig. 2) . No evidence for LOH by SNP allele distortion was seen elsewhere in the genome in that sample or for any genomic region in any of the other samples. This implies that the single tumor with LOH on 16p had copy neutral LOH, with replacement of chromosome 16p bearing the wild-type TSC2 allele with the mutant-bearing chromosome 16p.
Second TSC patient with multifocal RCC masses and had a partial right nephrectomy followed 2 months later by a partial left nephrectomy. All lesions resected from each kidney showed the same pathology of TSC-associated PRCC (9) ( Fig. 3 ). He has had repeated cryoablation procedures in the interim for additional renal tumors until April 2014 when he was started on everolimus. His most recent abdominal MRI showed no interval growth of existing lesions and no new lesions. Germline mutational testing revealed that he had the same c.2714G>A, p.(R905Q) mutation seen in the Patient 1.
FFPE DNA from two tumors was subjected to NGS for analysis of mutations in TSC1 and TSC2. One tumor was found to have a splice mutation at 11% allele frequency in TSC2, while the other tumor sample had insufficient DNA for this analysis (Table 1) . Three additional tumors available as FFPE DNA as well as the sample that failed were analyzed by Sanger sequencing. None showed evidence of LOH at the c.2714G>A, p.(R905Q) site and none had the TSC2 splice mutation.
Discussion
Renal cell carcinoma has been recognized in TSC for several decades (7, 10, 11, 18) . In contrast to other genetic syndromes in which kidney cancer risk is a prominent feature, the increased risk for development of RCC in TSC appears to be confined to those of age <50, while the lifetime incidence of RCC in TSC is similar to that of the general population, 2-4% (19) . We recently had the opportunity to review clinical features and histopathologic subtypes in a collection of 19 TSC patients with 46 distinct renal epithelial tumors (9) . A marked skewing towards younger age of onset was also seen in this collection, with 17 of 19 (90%) patients having age <50. The most common type of RCC we identified (24 of 46, 52%) had a unique morphology, including prominent papillary architecture and lack of expression of SDH subunit B, and was called TSC-associated PRCC, a subtype with morphologic features distinct from the more common PRCC (9) . Both of the individuals studied here had multifocal occurrence of TSC-associated PRCC, with multiple tumors in each kidney. Multifocality for this type of RCC was also common in our larger series with three of seven other patients having multifocal lesions, including two others in whom bilateral tumors were identified (9) . Although our series likely does not reflect the true population frequency of multifocal disease due to ascertainment effects, multifocality of RCC in TSC is clearly relatively common.
These observations raised the question of the molecular mechanism of epithelial tumor formation in TSC. Since the vast majority (>90%) of TSC subjects do not develop renal epithelial neoplasms, following the Poisson distribution, one would expect that multifocal renal epithelial tumors in RCC would be rare, seen in <<1% of patients. Furthermore, if the expected number of RCC occurring in a TSC patient is 1 (an overestimate), then the probability of seeing 15 such independent tumors in one patient, as reported here, is 2.8 × 10 −13 (Poisson distribution with λ = 1). Thus, these observations suggest that in certain TSC patients there is a predisposition to multifocal RCC, whereas in the majority these tumors are not seen at all.
One mechanism to explain the high frequency of RCC multifocality in TSC would be if the tumors seen were not due to independent tumorigenic events, but rather reflected an unusual growth pattern, such that the multiple lesions seen in a single kidney, or even bilaterally were part of the same clonal tumor expansion. The tendency toward uniform tumor histology, as seen in the two cases presented here, would of course fit this model. In contrast, we show here that five separate tumors of papillary morphology from a single patient had five distinct second hit genetic events leading to biallelic inactivation of TSC2.
Furthermore, the possibility that an early genetic event elsewhere in the genome was enabling for multifocal tumor development was considerably reduced by whole-exome sequencing analysis that identified a very small number of additional somatic genetic events in each tumor, and failed to identify any genetic alterations seen in more than one tumor. We note that wholeexome sequencing does not cover all exons perfectly, though 81-88% of target nt had a read depth of ≥20× in the samples analyzed here, so there is a possibility that a mutation occurring in a region covered poorly by the exome sequencing might be present in all tumors and be enabling for tumor development.
Another mechanism to explain RCC multifocality in TSC is that some alternative enabling event for renal tumorigenesis is present in a small fraction of TSC individuals, either on a systemic or germline basis or a mosaic basis in the some fraction of cells in the developing kidney. Such an event might be epigenetic silencing of a gene required for cellular senescence in response to two-hit inactivation of TSC2, such as CDKN2A or TP53. Indeed, one can predict that second hit events are quite likely to occur in TSC2 in many cells in every TSC patient with a TSC2 mutation, and hence ask the question: why does not every patient with TSC develop multifocal RCC? Epigenetic silencing events that enable growth of renal cells with two-hit inactivation of TSC2 would not have been detected by the analyses performed here. Furthermore, many other events might influence tumor development in the setting of twohit inactivation of TSC2 leading to the marked variability in apparent predisposition to renal tumor formation in TSC.
Our data clearly support the model that the multiple tumors developing in these two patients were due to a relatively large number ('a shower') of second hit genetic events in TSC2, that occurred It is notable that very few additional genetic events beyond second hit mutations of TSC2 were observed in these tumors. The only known 'cancer gene' identified with a mutation in this set of cancers was RASA1. The RASA1 p.V309G mutation was likely to disrupt function. However, the mutant allele frequency, 33%, is relatively low, in contrast to the allele frequency seen at the TSC2 point mutation, 80%, suggesting that the other allele was intact, so that only single allele loss of function was present. A nonsense mutation in TACC3 was also identified in one sample ( Table 1 ). TACC3 has previously been reported to interact with TSC2 at the nuclear membrane (20) , though it is hard to imagine how mutations in both genes would facilitate tumor development. Although a limited dataset, these genetic findings emphasize the distinction between this type of renal cancer, and the classic other forms, as none of the genes commonly mutated in clear cell carcinoma (VHL, PBRM1, KDM5C, PTEN, SETD2, BAP1, MTOR, TP53 and PIK3CA) (21), PRCC (MET) (22) or chromophobe cancer (TP53, PTEN) (23) were mutated in these tumors.
As noted previously (9) , all of the TSC-associated PRCC identified in our earlier larger study did not express the SDHB protein by immunohistochemistry. SDH/mitochondrial complex II is a critical respiratory enzyme that resides in the mitochondria and catalyzes the oxidation of succinate to fumarate (24) . Inherited or somatic bi-allelic mutation in any of the five SDH genes (SDHA, SDHB, SDHC, SDHD and SDHAF2) will cause loss of expression of SDHB, and each of the five genes is considered a tumor suppressor gene, although relatively few patients have been identified with germline mutations (25, 26) . Succinate accumulates in the absence of SDH activity, and inhibits HIF-α prolyl hydroxylases, leading to stabilization and activation of HIF-1α, with diverse downstream effects (27) . It is possible that this effect in these tumors contributes to tumorigenesis and provides a functional mechanism similar to mutation and loss of expression of VHL. Careful scrutiny of the whole-exome sequence data for the SDH genes was performed to investigate the potential genetic basis of the lack of expression of SDHB seen in these tumors. There was good read depth coverage for all exons for the five SDH genes in these five samples, and no mutations of any kind were observed. Thus, the mechanism of lack of expression of this critical mitochondrial complex protein in these tumors is not explained by standard genetic events, and may instead reflect the cell of origin or epigenetic/chromatin effects. Such an epigenetic event is another candidate predisposing mechanism for multifocal renal tumor development in some TSC patients.
Finally, it is notable that both of the patients studied here had the same germline mutation in TSC2 c.2714G>A, p.(R905Q). This is a relatively common TSC2 mutation occurring through the classic C>T deamination reaction at a methylated CpG site. Forty individuals carrying this mutation have been reported previously, including 25 from a large family in which some members did not meet diagnostic criteria for TSC despite full evaluation (14) . Eleven members of the large family were >10 years of age, and had renal imaging performed which did not show evidence of RCC (14) . The additional 15 individuals with this mutation, not in the large family, also appeared overall to be mildly affected, similar to the two patients described here. However, renal imaging data was not available for those 15 individuals (14) , and hence presence of RCC is unknown. Although relatively common, this mutation has been seen in <1% of TSC patients overall, and hence it remains an interesting coincidence that both of the patients available to us with multifocal RCC had this same mutation. Germline mutation data were available for three other patients in our pathologic series (9) with TSCassociated PRCC. None of those patients had the TSC2 R905Q mutation, but all three had a non-truncating mutation (two missense mutations and one in-frame deletion mutation). This suggests the possibility that non-truncating mutations in which there is residual TSC2 protein expression may be a predisposing factor for development of these TSC renal tumors. This possibility might be explained by previous observations that the TSC protein complex has effects on mTORC2 function, in the absence of GAP activity for mTORC1 (28) . However, additional study is required to explore the hypothesis that there is an association between non-truncating TSC1/TSC2 mutations and TSC-associated PRCC.
Materials and Methods

Renal cell carcinoma
Tumor tissue samples and normal kidney were obtained at the time of surgical resection from two TSC patients. Tumor samples were stored as either fresh frozen or fixed with 10% formalin and embedded in paraffin. All samples were studied by a single specialist GU pathologist (C Wu). Frozen tissues were embedded in optimum cutting temperature compound for preparation of sections and standard pathologic evaluation (9) . Paraffin-embedded materials were subject to histologic evaluation by similar means. All tumor samples used for DNA preparation were assessed to have at least 50% tumor cell content by histologic review. DNA was prepared from frozen tissues and paraffin blocks of tumor using the Puregene Genomic DNA Isolation kit (Qiagen) and the BiOstic FFPE Tissue DNA Isolation Kit (MO BIO Laboratories), respectively.
Microsatellite markers kg8 and STR7 were evaluated by PCR using fluorescently labeled primers followed by capillary electrophoresis, as previously described (29) .
NGS and validation
Targeted NGS of the coding exons and intronic regions of TSC1 and TSC2 was performed as described previously on DNA extracted from fresh frozen tumor samples (30, 31) . Briefly, longrange PCR (3-8 kb amplicons) was performed on DNA prepared from the frozen tumor samples to amplify all of the coding exons and most of the intronic sequence of each of TSC1 and TSC2. Amplicons were purified and used to prepare a small fragment library for Illumina sequencing (31) . Libraries from different samples were generated with different indices and then mixed at an equimolar ratio and sequenced on an Illumina GAIIx or HiSeq2000 sequencer (Illumina, San Diego, CA, USA) for 75 nt paired-end reads.
Primary sequence data were deconvoluted using the index sequences to individual sample files and converted to FASTQ format, aligned to the human genome using bwa-0.5.8c (Burrows-Wheeler Alignment) (32), filtered to eliminate reads of low quality and to reduce redundancy to a uniform 50 reads starting at each nucleotide position of interest in each direction. The data were then analyzed for sequence variants using tools from the Genome Analysis Toolkit (GATK) (33) , including IndelGenotyperV2 and UnifiedGenotyper, to identify both indels and single-nucleotide variants. A second approach was used in parallel to analyze the sequence data, with capture of read calls at all positions using Samtools Pileup (SAMtools) (34), followed by custom processing in Python and Matlab to determine base call frequency at each position in each read orientation. The output from these analyses was manually reviewed in comparison with those from other samples, including controls, to exclude artifacts derived from the sequencing process. All variants seen at a frequency of ≥1% more than that seen in other samples were directly reviewed using the Integrative Genomics Viewer (35) to help confirm bona fide variant calls and to exclude sequencing artifacts. The median read depth for each coding exon of TSC2 was 7213 for the four samples analyzed, and the minimum for a single exon-sample pair was 3459. Novel or biologically significant single-nucleotide variants and indels with minor allele fractions ≥10% were confirmed using Sanger bidirectional sequencing.
NGS on two DNA samples extracted from FFPE samples was performed at the Center for Cancer Genome Discovery at Dana Farber Cancer Institute. Methods are similar to those described above (36) , but included use of an Agilent SureSelect hybrid capture probe set for the entire (coding, intronic and 10 kb up and downstream regions) TSC1 and TSC2 genes. Bioinformatic analysis was similar to the above. The median read depth for each coding exon of TSC1 and TSC2 was 535 for one sample, with a minimum of 275. The second sample failed in this analysis due to insufficient amount of DNA.
Whole-exome sequencing
Exome sequencing was performed by the Broad Institute Genomics Platform and analyzed using a standard analytic pipeline. Briefly, reads were aligned using bwa, followed by indel realignment and quality score recalibration using the Genome Analysis Toolkit. Somatic mutations were identified using muTect (37) and Indelocator, which compared sequence variants called in the tumors with those called in normal kidney, and were then annotated using Oncotator (http://www.broadinstitute.org/oncotator). Exome capture targeted 32,950,014 nt, and mean read depth ranged from 58 to 94 reads per target nt. 81-88% of target nt had a read depth of ≥20×.
Copy number profiles were derived from fractional coverage values of each exon compared with a panel of normals using Cap-Seg (github.com/aaronmck/CapSeg), with the assistance of Lee Lichtenstein, Broad Institute, Cambridge, MA. Somatic LOH was detected using custom R scripts to visualize tumor allele frequencies of all common SNPs identified in the germline analysis of the matched normal sample.
